Abstract The present work proposes to analyse the results obtained under in vitro conditions where cellulose artificial membranes were incubated with biological fluids from the freshwater bivalve Anodonta cygnea. The membranes were mounted between two half 'Ussing chambers' with different composition solutions in order to simulate epithelial surfaces separating organic fluid compartments. The membrane surfaces were submitted to two synthetic calcium and phosphate solutions on opposite sides, at pH 6.0, 7.0 or 9.0 during a period of 6 hours. Additional assays were accomplished mixing these solutions with haemolymph or extrapallial fluid from A. cygnea, only on the calcium side. A selective ion movement, mainly dependent on the membrane pore size and/ or cationic affinity, occurred with higher permeability for calcium ions to the opposite phosphate chamber supported by calcium diffusion forces across the cellulose membrane. In general, this promoted a more intense mineral precipitation on the phosphate membrane surface. A strong deposition of calcium phosphate mineral was observed at pH 9.0 as a primary layer with a homogeneous microstructure, being totally absent at pH 6.0. The membrane showed an additional crystal phase at pH 7.0 exhibiting a very particular hexagonal or cuttlebone shape, mainly on the phosphate surface. When organic fluids of A. cygnea were included, these crystal forms presented a high tendency to aggregate under rosaceous shapes, also predominantly in the phosphate side. The cellulose membrane was permeable to small organic molecules that diffused from the calcium towards the phosphate side. In the calcium side, very few similar crystals were observed. The presence of organic matrix from A. cygnea fluids induced a preliminary apatite-brushite crystal polymorphism. So, the present results suggest that cellulose membranes can be used as surrogates of biological epithelia with preferential ionic diffusion from the calcium to the phosphate side where the main mineral precipitation events occurred. Additionally, the organic fluids from freshwater bivalves should be also thoroughly researched in the applied biomedical field, as mineral nucleators and crystal modulators on biosynthetic systems.
Introduction
Biomineralization is the process by which organisms produce minerals from biological solutions for their own functional requirements (Carter 1990; Lopez et al. 1992; Janis 1995; Kroger et al. 2000; Javaux et al. 2001; Vekilov and Chernov 2002; De Yoreo and Vekilov 2003) . Several examples demonstrated that organisms are able to control the location and crystallographic orientation, the shape of the growing crystallites and even the phase of the resulting materials during the nucleation process (Falini et al. 1995; Belcher et al. 1996; Mount et al. 2004 ). Examples of biological calcite and aragonite models where this phenomenon occur showed single shaped crystals with intricate crystal composites and regular crystal laminates. In these models, calcite is generally a more stable form of calcium carbonate than aragonite, at least in standard conditions (Checa et al. 2006; Lopes-Lima et al. 2010) . Depending on the presence of additional compounds in solution, it is possible to obtain particular crystal changes and combinations e.g. carbonated hydroxyapatite, when both calcium carbonate and phosphate may co-occur . In summary, the microstructure and even the crystal polymorphism may depend on the physical-chemical conditions of the biomineralization microenvironment (Falini et al. 1995; Belcher et al. 1996; Mount et al. 2004; Checa et al. 2006; Takeuchi et al. 2008) .
It is commonly understood that, in addition to be genetically directed (Addadi and Weiner 1992) , the organic matrix from molluscan shells regulates the crystal formation and growth, theoretically through an ionotropic or stereochemical mechanism (Takeuchi et al. 2008 ). According to studies by J. Machado research team at the University of Porto, the freshwater mussel Anodonta cygnea is an adequate model to carry out 'in vitro' assays on biomineralization processes due to a facilitated access into two compartments where abundant and specific organic matrixes compose the biological media: the haemolymph and the extrapallial fluid. Here, specific molecules, such as proteins or smaller fractions (e.g. peptides), glycosaminoglycans (GAGs) and hexosamines (chitin) from the haemolymph can be deeply involved on microspherules (calcium phosphate and carbonate concretions) mineralization, while in the extrapallial fluid, similar organic molecules support shell calcification under calcium carbonate nacre (Moura et al. 2000 (Moura et al. , 2001 (Moura et al. , 2003a LopesLima et al. 2005 LopesLima et al. , 2010 .
On the other hand, recent works on natural polymers and biomembranes revealed extensive and important theoretical and applied concepts on the biomedical field (Colton et al. 1971, Farrell and Babb 1973; Leoni et al. 2002; Nielsch et al. 2002; Darder et al. 2006; Ehrlich et al. 2006; Santos et al. 2007; Mano et al. 2007 Mano et al. , 2008 Silva et al. 2008) .
The affinity or adsorptive properties attributed to the separation membranes technology based on functional groups in the membrane surface have been largely studied in several applications such as in the biomedical, biochemical and environmental fields (Büyüktuncel et al. 2001; Avramescu et al. 2002; Chen et al. 2004; Nunes and Peinemann 2006; Albrecht et al. 2007; Koyuncu et al. 2008; Ventura et al. 2008; Saufi and Fee 2009; Lay et al. 2010) . Conventional adsorptive membranes were usually prepared by surface modification (Moura et al. 1999 (Moura et al. , 2000 Lopes-Lima et al. 2010) . However, more recently membrane surface modifications based on polymers or composites addition with specific functional groups have been accomplished Bai 2005, 2006; Han et al. 2007; Karppi et al. 2010 ).
An evaluation of some recent molecular scale assays is here accomplished to reveal new insights into the formation and control of crystal growth by organic and inorganic molecules, under particular conditions. The present work proposes to analyse results obtained under semi-synthetic conditions where artificial membranes were bathed with both biological fluids from A. cygnea.
In mussels, organic and inorganic molecules function selectively as active inducers and modulators of crystal formation under calcitic or aragonitic systems, but when complemented artificially with calcium carbonate and phosphate artificial solutions under in vitro conditions distinct minerals such as hydroxyapatite may occur . Simulating epithelial electrophysiology assays, synthetic membranes can be mounted between two half 'Ussing Chambers' in order to mimic both surfaces of an epithelial membrane separating two biological compartments .
Dialysis membranes should be good candidates for biomineralization studies since it can exhibit dynamic phenomena on its surface similar to physiological membrane processes. As an example, Childress and Elimelech (1996) investigated the chemical composition effect of a solution on the surface charge properties of various commercial reverse osmosis and nanofiltration membranes. They observed that humic substances and surfactants readily adsorb to the membrane surface and clearly influence the membrane surface charge giving adequate properties.
Beyond the liquid solute composition, it is also relevant to evaluate the adequate pH for a specific synthetic membrane in order to observe that an appropriate interface is well preserved and that the fibres are not degraded in the process (Thygesen et al. 2005; Xiong et al. 2010) . A reduction in the interface binding efficiency leads to a lower epitaxial process on the biomineral deposition. It is therefore, important to determine the experimental conditions (e.g. pH) that the fibres can tolerate without severe degradation. Usually, the effect of acidic conditions on the interface, strength and cristallinity of chitosan or cellulose fibres is the main factor to be controlled (Thygesen et al. 2007; .
In the present work, the study was accomplished on a commercial semi-permeable membrane of synthetic cellulose which is usually applied on dialysis processes. This selective process constitutes an interesting property for biomineralization studies since they can partially simulate biological membranes. Additionally, these membranes are easy to synthesize and use, and are relatively inexpensive. One relevant aspect to be considered is the cellulose membrane selectivity which is dependent on the pore size (Singh et al. 1998; Mehta and Zydney 2005) . So, if the size of a solute, highly correlated with molecular weight, approaches or exceeds the size of pores membrane (MWCO) its passage will be partially or completely prevented (Ren et al. 2006) . Restriction to molecular diffusion is a function of pore radius and molecular radius according to experiments with cellulose membranes by Renkin (1954) , Farrell and Babb (1973) and Mahendran et al. (2004) , as well as to the theory of membrane pore permeability proposed by Pappenheimer et al. (1953) .
On this view, our aim was to gain further knowledge about the basic principles of biomineralization and to evaluate the influence of bivalve biological fluids, which are determinant on in vivo biomineralization events. The study was accomplished using 'Ussing chambers' in vitro assays with cellulose membranes in order to understand the influence of artificial solutions composition on the deposited mineral phases with or without biological fluids of A. cygnea at different pH conditions.
Experimental

Cellulose Membrane
The cellulose membrane (Membrane Filtration Products, Inc. #2550-40) used was a dialysis membrane with a 25 KDa of pore size. The membrane treatment was performed as in the manufacturer instructions by soaking the membrane pieces with distilled water for 10 min. This membrane presents an electrical resistance which become, in general, very selective to ions and molecules diffusion. Reid and Breton (1959) suggested that cellulose acetate exhibits a clear semipermeability property. It is due to this situation that across the membrane strong electrolytes diffuse very slowly compared to the rate of water diffusion. They suggested that only ions and molecules that can combine with the membrane through hydrogen bonding and can fit into the bound water structure are presumed to be transported across the membrane by alignment of hydrogen bonds with the membrane. Additionally, temporal conformation change took place on the water bound to the cellulose surface occurred as a result of a stabilized hydration layer (Ohata et al. 2004 ).
Biological Sample Collection
Freshwater bivalves (A. cygnea) were collected from the bottom of Barrinha de Mira lagoon (Coimbra, Portugal).
The animals were kept in the laboratory on dechlorinated and aerated water for a minimum of 24 h before fluid (haemolymph and extrapallial fluid) extraction. For the fluids sampling, the animals were considered healthy if they showed active ventilation and powerful valve closing or water ejection upon disturbance. For each experiment, approximately 5 ml of haemolymph and 5 ml of extrapallial fluid were extracted from two animals with a needle syringe delicately inserted in the interepithelial of the mantle and in the shell compartment, respectively. Each fluid was then centrifuged at 4000 rpm, 5 min. (Kubota KR-20000T, Rotor RA-3R) to remove cellular debris. Subsequently, the supernatant collected in order to be used in the following experimental procedures.
Experimental Scheme
The experimental scheme was similar to that already described in . The main difference from the previous study was in the nature of the membrane used.
It should be emphasized that the calcium chloride (20 mM) and sodium phosphate (20 mM) synthetic solutions have initial different pHs. So, these solutions were adequately titrated with HCl, citric, succinic acids (1 M) or with NaOH (1 M) in order to reach pH 6.0, 7.0 or 9.0. Experimental procedures used the same parameters, such as temperature, bathing solution volume and number of replicates in all assays.
In these experiments, 'Ussing chambers' which were separated by a cellulose membrane in two compartments were filled with artificial solutions previously set at pH 6.0, 7.0 and 9.0. One chamber was filled with 4 ml of sodium phosphate (20 mM) (left chamber) and the other with 4 ml of calcium chloride (20 mM) (right chamber) (Diagram 1). Using this configuration, three experimental groups were set for only the synthetic solutions adjusted to acidic and neutral pH values (6.0 and 7.0), each with three distinct organic acids (HCl, succinic and citric) and one experimental group at pH 9.0. Two additional experimental groups were set for each of the previous situations where haemolymph or extrapallial fluid was added only to the calcium chamber. In these two last groups, the calcium content was adjusted to 20 mM in the calcium chamber ).
Fluid Composition Analysis
For all experiments (see Diagram 1), each fluid composition was analyzed using six fluid sample replicas collected at time zero (control time) and after a period of 6 h of bathing (experimental time).
The final concentration of ionic calcium and phosphate, per each acidified pH 6.0 and 7.0 solutions, resulted from the average of 6 assays using three distinct acids (HCl, succinic and citric acids solutions) (n = 18). For each of the previous situations, three fluid sample replicas were collected and analyzed accomplishing a total of 54 (n = 18 9 3) measurements per ion. On the other hand, the final values of same elements in the basic solutions titrated with NaOH to pH 9.0, and the results from the average of six assays with three analytic replicas giving a total number of 18 n = (6 9 3) measurements per compound. Concerning the experiments with the addition of biological haemolymph and extrapallial fluids at pH values 6.0 and 7.0, the same amount of measurements was carried out for calcium and phosphate ions, proteins, lipids and GAGs, also with a total of 54 for each fluid. In a similar way for the experiments at pH 9.0, 18 measurements were also carried out for the same elements and compounds (Diagram 1).
Calcium and Phosphate Analysis
The Ca 2? ion contents were measured in a Cobas Integra system (Roche Diagnostics) at Hospital Geral Santo Antó-nio (Porto, Portugal). The PO 4 3-contents were measured with PiBlueTM Phosphate Assay Kit (Bioassay Systems).
Protein, Lipids and GAGs Analysis
All organic molecules were quantified by colorimetric assays as described by with the exception of GAGs which were quantified according to Whiteman (1973) . The organic measurements were exclusively considered in the calcium chamber since the opposite phosphate chamber did not show detectable levels with the present methods.
Scanning Electron Microscopy (SEM) Imaging
Cellulose membrane pieces (2-3 replicas from each treatment in a total of 42 samples) were selected from the most representative assays of the different experimental sets and prepared for respective SEM imaging analyses on both surfaces of the membrane. For this, membrane pieces were gold-coated (FINECOAT Ion sputter JFC1100) and glued to aluminium stubs for SEM observations using JEOL JSM35C scanning electron microscope (SEM) operated at 10 Kv.
Diagram 1 Variations of phosphate and calcium contents in Ussing chambers after 6.0 h after at: a pH 6.0; b 7.0 and c 9.0 without (1) or with haemolymph (2) or extrapallial fluid (3) bathing the cellulose membranes. In each experimental set (box) for pH 6.0 and 7.0 (n = 54) and pH 9.0 (n = 18). (Grey cells) Original calcium and phosphate contents at time zero in the respective addition sides; (arrows) calcium and phosphate ionic diffusion and respective final contents after 6.0 h bathing in the original and opposite sides Fourier Transform Infrared Spectroscopy (FTIR) and X-Ray Diffraction (XRD) Selected samples (18) of the most representative assays were analyzed by attenuated transmission reflectance ATR-infrared (IR) Bruker Equinox spectrometer coupled at a Bruker microscope that collected the IR beam with Cassegrain objectives. Analysis of films deposited on a CaF 2 disc was carried out by transmission, using a circular diaphragm with a 60 mm diameter aperture. Each spectrum was processed using the OPUS program (Ò Bruker). Spectra of atmospheric CO 2 and H 2 O were recorded independently for subtraction purposes.
The XRD spectra were performed on a Panalytical Xpert MPD with a Cu vial.
Statistical Analyses
For all experiments, the differences in inorganic and organic contents were established between the mean values of samples collected at control period (time zero) and the mean values of the samples collected 6 h after bathing. These differences were tested for statistical significance by simple Paired t-tests using SPSS version 12.0 for Windows (SPSS Inc., Chicago, Illinois, USA). The significance level for all statistical analyses was set at 0.05
Results
In the present research, some specific functional aspects of the cellulose membrane were clearly observed, when bathed by specific media as described herein. In general, the results proved that in all assays, except at pH 6.0 (Fig. 1a) , the cellulose membrane exhibited excellent inductor and adhesive properties for mineral deposits, confirmed by SEM, FTIR and X-ray analyses (Figs. 1, 2, 3, 4, 5, 6) , being more effective in the phosphate side. Both membrane surfaces presented a wide homogeneous layer of calcium phosphate, as a primary mineral phase mainly at pH 9.0 (Fig. 1d) . This homogeneous base, showed by SEM magnification a peculiar and uniform deposit as a 'foliated microstructure' covering the whole membrane. This occurred when the membrane was bathed with succinic solution plus or without biological fluids (Fig. 1c) . Over this 'foliated' homogeneous layer, singular calcium phosphate crystals were detected when bathed by pH 7.0 solutions, mainly in the phosphate membrane surface.
Calcium and Phosphate Analyses
The results of ionic contents after 6 h of bathing (Diagram 1) concerning the different assays at pH 6.0, 7.0, 9.0 inform about the calcium and phosphate variations occurring in simple synthetic solutions (A1, B1, C1) or combined with haemolymph (A2, B2, C2) or extrapallial fluid (A3, B3, C3). In general, the results show a significant reduction (p \ 0.05) on the calcium and phosphate concentrations from the initial solutions, except at pH 6.0 (Diagram 1a). In fact, at pH 7.0 and 9.0, significant losses (p \ 0.05) of calcium and phosphate ions were verified during experimental period (Diagram 1b, c). These ionic decreases were more intense mainly at pH 9.0 and when the biological fluids were included and may correspond to the ion amounts used on the calcium phosphate precipitation in the both cellulose membranes surfaces. On the contrary, at pH 6.0, both calcium and phosphate ions presented significant diffusion movements (p \ 0.05), but the ionic concentration of the initial and final solutions (sum from both sides) was very similar in concordance with the total absence of mineral deposits in both surfaces (Diagram 1a). All these aspects reveal a very specific behaviour of cellulose membrane in Ussing chambers, which seems to reproduce a selective ion and macromolecule permeability similar to what happens in biological epithelia.
When haemopymph or extrapallial fluids are used, the respective experimental data (Diagram 1b, c) still show that significant and stronger decreases of calcium and phosphate concentrations occurred corresponding to larger mineral precipitation, again more intense in the phosphate chamber. On the other hand, this mineral deposition also depends on the experimental pH, being clearly higher at alkaline pH, which is confirmed by stronger reductions of respective ions in this condition.
As a summary, mainly in the phosphate side, the pH 9.0 caused bigger mineral precipitation as an basic layer with homogeneous microstructure, while the pH 7.0 induced additional specific and elaborated crystals under 'hexagonal' or 'cuttlebone' shapes, when the membrane is immersed in HCl/succinic or citric acids, respectively.
Proteins, Lipids and Gags Analyses
The mean protein, lipid and GAG contents (Table 1) showed a clear tendency to decrease, between time 0 and 6 h after bathing, being significant(p \ 0.05) in the experiments at pH 9.0 (with NaOH) where the mineral precipitation was also more intense. In this condition, while protein and lipid contents decreased significantly around 50 %, the GAG had a much smaller decrease. Additionally, at pH 6.0 and 7.0, the GAG contents had a strong increase on the final solutions.
Scanning Observations
With the present SEM observations, it was shown that the solutions bathing cellulose membranes at pH 7.0 and 9.0 are more efficient than at pH 6.0 concerning the amount of calcium phosphate deposits as a homogeneous base (primary phase) and the specificity on the crystalline microstructure (second phase) formed over the mineral base mainly at pH 7.0 (Figs. 1, 2, 3, 4) .
None of the experiments carried out at a pH 6.0 (with HCl, citric, succinic acids) with/without organic fluids of A. cygnea could induce any kind of mineral precipitation in both surfaces of the cellulose membrane (Fig. 1a) . Instead, these membranes were more fragile and flexible after 6 h of bathing, probably due to interface degradation of the cellulose membranes in what concern the structure dynamic and electric-physical properties.
The actual experiments carried out at a pH 7.0 (with HCl, succinic and citric acids) represented the most efficient conditions for mineralization events on cellulose membranes since many crystalline microstructures were produced with specific shapes, over the homogeneous layer (Figs. 2, 3, 4) . So, only with HCl or succinic acid solutions, laminar crystalline formations of calcium phosphate under hexagonal shape (some on clusters) were observed in both sides of the membrane, but mainly in the phosphate side (Figs. 2 and 3) . The preferential ionic calcium movement towards the phosphate chamber conditioned all of the subsequent mineralization processes in cellulose membranes. pH 9.0
All assays carried out with synthetic solutions at pH 9.0 (with NaOH) isolated or mixed with biological fluids of A. cygnea induced an intense precipitation of calcium phosphate, apparently without any crystalline microstructure. However, when the biological fluids were included in the solutions, this homogeneous layer, when observed with SEM at higher magnification (Fig, 1d) , showed typical 'globular' micro-concretions of calcium phosphate, mainly in the phosphate surface. 
FTIR Analyses
ATR-IR spectra observed in Fig. 5a , b, shown that calcium precipitates mainly in the phosphate side, being characterized by a strong m 3 asymmetrical vibration at 1016 cm -1 (samples with succinic acid at pH7 (S1), succinic acid with haemolymph at pH7 (S2), citric acid at pH7 (C1) and HCl at pH7 (H) -Fig 5a) , corresponding to tetrahedral molecule of PO 4 3-. The non-protonated PO 4 3--anion has tetrahedral symmetry and belongs to the point group Td with one active m 3 band centred at 1011 cm -1 , whereas the m 1 vibration is inactive. The m 3 band centred at 1016 cm -1 is degenerated at about 1100 and 912 cm -1 , where both bands occur as shoulders at fundamental vibration due to distorted tetrahedral molecule. Fundamental vibrational frequency (m 3 ) is correlated with both vibration planes at 1010 and 1070 cm -1 that correspond to HPO 4 2-anion. The fundamental P-O stretching band is very sharp in the analyzed samples (S1, S2, C1, H), which suggests a good crystallization, low symmetry with a disordered structure of the material analyzed. Few samples exhibit the m 1 band well active at 880 cm -1 , so that a total of four bands are present for this phosphate species (Fig. 5a ).
Samples S2, S3 (with succinic acid and extrapallial fluid at pH7), C2 (with citric acid and haemolymph at pH7) and N (pH 9 with haemolymph) show a large m 3 band centred at 1016 cm -1 and a vibrational plane at about 894 and 1159 cm -1 (Fig. 5b) , beside the typical m 3 fundamental vibration previously described. Band at 894 cm -1 corresponds to P-O-P stretching band. So, based on the FTIR data, it is possible to conclude that the calcium phosphate layer precipitated during the 6.0 h period under a preliminary hydroxyapatite mineral phase.
X-Ray Analyses
In general, the X-ray analyses of calcium precipitates, mainly in the phosphate side, confirmed the presence of a preliminary microstructure with a weak crystallization FTIR spectra of cellulose membrane accomplished in a total of 18 samples on the mineralized phosphate chamber side, 6.0 h after in different bathing solutions with or without organic fluids from A. cygnea a showing the curves average of attenuated transmission reflectance from samples S1, S2, C1 and H samples at pH 7.0; b with S2, C2 and N curves average exhibiting the attenuated transmission reflectance from membrane samples phase, which can be interpreted as an apatite precursor under a brushite crystal system (Fig. 6) . It is generally accepted that brushite is formed by interaction or reaction between calcium and phosphate solutions under a primitive crystal structure.
Integrative observation of results
In the present research, it was possible to observe that specific organic acids such as the succinic and citric or even the HCl, with or without bivalve fluids, can regulate typical structures in the calcium phosphate precipitates. The actual results showed a homogeneous calcium phosphate deposit, mainly at phosphate side, as a structural base covering the cellulose membrane in most experimental situations, except at pH 6.0. This layer increased in thickness, mainly with the alkaline media solution at pH 9.0. Alternatively, it may be covered by hexagonal-shaped crystals occurring predominantly in the phosphate chamber, at pH 7.0 with HCl titration. With the citric or succinic solutions at same pH 7.0, the crystalline microstructures exhibited distinct shapes, particularly cuttlebone or thicker hexagonal shapes, also predominant in the phosphate side. When solutions are mixed with the organic fluid of A. cygnea, these crystal forms increased under agglomerated and rosaceous structures. Although proteins, lipids and GAGs are inductors of vaterite/aragonite/calcite crystals in the natural bivalve shell formation, a brushite crystal polymorphism as a preliminary apatite phase was detected in the present study, under semi-artificial conditions. Fig. 6 The X-ray analyses showed a not well elaborated crystal structure, which can be interpreted as a precursor of the apatite structure under the brushite crystal phase with the CaPO 3 (OH)Á2H 2 O Table 1 Variations after 6.0 h of organic molecules contents in calcium side on the HCl, succinic and citric acid solutions at pH 6.0 and 7.0 (n = 54) and on the NaOH solution at 9.0 (n = 18), all mixed with haemolymph or extrapallial fluids bathing the cellulose membranes * Represents significant differences (p \ 0.05) relative to the control Haemolymph Extrapallial 
Discussion
Regenerated cellulose membranes have appropriate structure for medical applications, since they have selective behaviour allowing the permeation of small ions/ molecules but reject the transport of proteins or macromolecules (Sakai 1994) . In order to establish a relevant line of thought about the present results using commercial cellulose membranes comparatively to the previous study with chitosan membranes , it is convenient to emphasize some clear differences about the physical properties of both membranes. In general, the chitosan membrane induced selective movements of ions and particles influenced by the positively charged pores (cationic polyelectrolyted due to the presence of amine groups -NH2), explained by the electrostatic attraction or repulsion between the solute and the membrane, on the contrary the cellulose membranes exhibited a relevant selective permeability and electrical resistance based on the slight negative charges due to the oxidation of -CH2OH groups to -COOH (Reid and Breton 1959; Strathmann 1981; Seo et al. 1991; Matsuyama et al. 1998; Ehrlich et al. 2006; Irvine et al. 2013 ). This could play a notable role when the transport of electrolyte solutions or charged particles is considered (Kimura et al. 1984; 1986 , Vázquez et al. 2008 Romero et al. 2013 ). According to Asaka (1990) and Romero et al. (2012 Romero et al. ( , 2013 , solutes diffusion depend on the electrical parameters such as the effective fixed charge and ions transport numbers, as well as on diffusion coefficients related with friction interactions and, consequently, with pore size. So, the net rate of a given solute transfer (at a certain temperature, viscosity and mixing rate) across such semi-permeable membrane will increase with greater electrochemical gradients between the two solutions and, inversely, will decrease with the greater size and shape of solutes or molecules. The present results show that cellulose membranes exhibit very distinct physical-chemical properties (electrochemical field, ionic pore diffusion, mineral precipitation interface and film biomechanical adhesive role) when compared to those using chitosan membranes .While the negative phosphate ions diffuse, intensely attracted by positive pores, towards the calcium chamber across the chitosan membranes; the calcium ions preferentially move to the opposite phosphate chamber using cellulose membranes, due to the slight negative pores with subsequent cation affinity and to an eventual and gradual reduction of the pore size. According to Reid and Breton (1959) , the presence of hydrogen bonding (from the water bathing) to carboxyl groups in the cellulose membrane would gradually make the film act as a cation exchanger with a consequent high resistance to anions. Then, as smaller size and positive charge is the ion, more it should promote stronger diffusion. This also explains the higher calcium diffusion than the phosphate ion, across the membrane. Since the results show distinct ionic diffusion mechanisms in both membranes, this specificity can subsequently induce different biomineralization kinetics when biological fluid molecules were added. In fact, an intense formation of typical minerals combined with organic molecules is observed exclusively in the calcium side of chitosan assays, while the contrary occurs in cellulose membranes where specific crystals can also develop, but mainly in phosphate side. These opposite patterns may be supported by the additional diffusion of smaller positive organic molecules (as negative charged amino-acids or peptides) from the calcium towards the phosphate chamber only in the cellulose membrane, possibly also due to a higher molecular weight cutoff. This suggests that the different diffusion kinetics will determine a primary phase of calcium phosphate, as a brushite, in the cellulose membrane, while it is more elaborate form, as a hydroxyapatite, in chitosan membrane where the phosphate ion is the major diffuser. Moreover, in the last condition, the whole organic molecules (haemolymph or extrapallial fluids) are mostly kept in the calcium side promoting a higher and complete biomineralization mechanism, as a mimetic system of the shell matrix. Furthermore, regarding the calcium and phosphate content evaluations, in all sets with the cellulose membrane, they revealed a significant difference on the positive ions as calcium and small molecules, mostly directed towards the phosphate chamber. In opposition to this mechanism, in chitosan membrane assays, it was showed the phosphate almost exclusively moving towards the calcium chamber. This difference is mainly supported by the presence of amine groups -NH 2 in the chitosan membrane while by the groups to -COOH in the cellulose membrane. On the other hand, relatively to the mineralization phenomena, the rate of Ca 2? and PO 4 3-ions deposition from solution surely depended on the surface functional groups. That is, the functional groups influence the barrier to nucleation and thus the ability to form critical size nuclei (Toworfe et al. 2006 ). This behaviour is attributed to surface charges which determine the solid/cluster interfacial energies involved in the nucleation of Ca-P particles from Ca 2? and PO4 3-species in super-saturation (Yang et al. 1999 ). Thus, this may suggest that the amine terminated surface as in the chitosan membrane adsorbs more PO 4 3-; to the contrary, the abundant -OH or -COOH groups on the cellulose surface will contribute more to the Ca 2? bioactivity (Tanahashi and Matsuda 1997; Toworfe et al. 2006) .
Generally, minerals are produced synthetically in nonbiological processes, where the degree of control over nucleation and growth can be achieved by a deterministic process from a modifier organic matrix. The perception of the physical principles of crystallization from solutions is fundamental to understand the biomineralization mechanisms. On the other hand, the presence of organic matrixes can induce specific epitaxial phenomena when in the contact with ionic solutions promoting very typical and exuberant crystalline microstructures. Since this experimental methodology was based mainly on the combination of biosynthetic membranes and organic fluids of A. cygnea (not usual), we try to emphasize particularly some differences between cellulose and chitosan membranes behaviour under similar conditions and parameters.
In this context, the present results concerning the protein, lipid and GAG contents using cellulose membrane, opposite results were obtained with the reduced GAGs contents when using chitosan membranes, mainly at pH 6.0, and 7.0 . On the other hand, the present cellulose results on proteins and lipids contents exhibited a similar (although stronger) decreasing tendency, when compared with the chitosan membrane studies. In general, proteins, lipids and GAGs are referred as shell biomineralizing molecules, being GAGs in particular, most appropriate candidates for the nucleation process in the shell nacreous layer of A. cygnea (Moura et al. 2003b; Lopes-Lima et al. 2005) . Thus, based on these principles, concerning the proteins and lipids compounds, the results in cellulose assays showed an expected variation, as found in chitosan membrane. On the contrary, an unexpected increasing tendency on GAGs contents in the actual experiments seems to reflect an inversed behaviour. We can speculate that these large molecules were strongly forced to diffuse by a gradient process, from the calcium to the phosphate side, which possibly caused GAGs cleavage into smaller particles due to eventual friction through the pores. This aggressive mechanism possibly caused an exposition of more staining reactive terminal in GAGs, leading to higher measurement levels in the cellulose data. This explanation is also supported by the occurrence of GAG content decrease in the calcium chamber of chitosan membranes, and in simultaneous, by lack of calcium deposition in phosphate chamber (due to a total absence of GAGs and other small molecules diffusion across the chitosan membrane). Yet, the detectable reduction tendency in the cellulose membrane of GAGs content at pH 9.0 may be well correlated with a visible involvement on the stronger mineral deposition which annulated any measurement artefact (contrary to the pH 6.0 and 7.0 situations).
These assays generally suggest a clear specific physical role of the organic molecules in the chitosan membranes, being more active in the calcium chamber at acid pH (inserted fluid side), while in the cellulose membrane there were more interactive in the phosphate chamber (without fluid side) at more alkaline pHs. This suggests that in cellulose at alkaline pH, the membrane becomes more negative attracting greater calcium ion flux towards the phosphate chamber, on contrary, the chitosan membrane at acid pH is induced for a more positive interface potentiating higher phosphate ion flux into the calcium chamber. This thinking about pH effect is possible, if combined with the pore size property which seems greater in the chitosan case allowing easily phosphate diffusion, while it is smaller in the cellulose membrane facilitating only calcium (or smaller molecules) diffusion. In addition, the absence of any detectable organic molecules content, in the phosphate chamber of cellulose membrane, associated to the precipitation of specific calcium phosphate form, may indicate that, at least, the smaller positive molecules had probably an effective (but silent) biomineral intervention. This agrees with Mohamed et al. (1995) ; Matsuyama et al. (1998) ; Childress and Elimelech (1996) ; Cui et al. (2008) and Radhakrishnan et al. (2010) , stating that in acidic solution, amine groups of chitosan membrane are protonated to -NH 3
? becoming more positive charged and so attracting more phosphate ion diffusion, while in alkaline solution, the cellulose membrane becomes enriched with -OH or -COOH groups and thus attracting more calcium ion diffusion. As a conclusion, the effectiveness of the charged groups in the membranes is explained by the counter-ion binding mechanism (Ilani 1970; Kimura et al. 1984; Childress and Elimelech 1996) . At summary, the membranes possess pH-sensitive dissociable functional group and separates molecules by both size exclusion and electrostatic effects (Manttari et al. 2006; Luo et al. 2012; Luo and Wan 2013) .
Relative to the scanning observations, the cellulose experiments revealed an opposite pattern to the chitosan membranes where at the same pH (6.0) was mostly efficient producing crystalline microstructures than at pH 7.0 and 9.0. Additionally, there were significantly less deposits formed in the calcium chamber in cellulose experiments, while a very intense mineral precipitation was here exclusively observed using chitosan membranes, due to the fact that the biomineral formation occurred better in the biological fluid side (inserted in the calcium chamber). Under pH 6.0 condition, no mineral precipitation was stated in cellulose membrane but, in contrast, the chitosan membrane revealed excellent and more effective calcium phosphate mineral adsorption in the calcium side with specific hexagonal and rosaceous shapes, mainly with HCl and succinic solution, respectively. This difference suggests a very specific mechanical and electrochemical behaviour at this pH depending on the matrix composition and structural organization of both membranes, as we already justified. In synthetic solutions, at pH 7.0, conditions are mixed with haemolymph and extrapallial fluids, the cellulose membrane showed crystalline formations, similar in all assays, specifically under 'rosaceous' structures, with a higher tendency for cluster formation mainly in the phosphate side. In addition, using only synthetic citric acid solution peculiar calcium phosphate formations, with very typical 'cuttlebone' shape, were observed (some also on clusters) in both sides of the membrane, still predominant in the phosphate side. Differently, chitosan experiments under the same conditions showed an amorphous calcium deposition, and only in the calcium chamber at general pH 7.0, with an aggravating fact that, under the control and citric acid, no mineralization process was found . Attending the pH 9.0 assays in the cellulose experiments, the mineral microspherules structures were present while in the chitosan were absent ). However, under SEM observation, the deposition of a homogeneous microstructure as a primary calcium phosphate layer, with or without any specific mineral microspherules, occurred in both cellulose and chitosan membrane at this pH, respectively. Once again, mechanical and electrochemical behaviour at pH 9.0 and 7.0 depend probably on the matrix composition, structural and electrochemical organization of both membranes.
The FTIR and X-ray techniques analyzed distinct physical behaviour between both cellulose and chitosan membranes with clear differences on the biomineralization process submitted to the similar conditions. In fact, while for the cellulose membrane the analyses showed a very primitive crystallization phase, as a brushite crystal in the phosphate side, for the chitosan membrane ), a more defined and elaborated crystal microstructure, as a primary hydroxyapatite phase, was observed mainly in the calcium side. Different authors (Chang et al. 2003; Ferreira et al. 2003; Anee et al. 2004; Resende et al. 2006; Š tulajterová and Medvecký 2008) suggested that brushite could also be formed by chemical reaction between a phosphate solution and bicarbonate-H 2 O solution when combine with calcium, which is according the media composition in the present assays.
Conclusion
The facts showed that the deterministic influence of the organic matrix from the organic fluids of A. cygnea, may change according to the specificity of the microhabitat, depending on the artificial medium composition and biosynthetic membranes. While the fluids promote aragonite crystals in the inner nacreous shell, it may also induce apatite-brushite or hydroxyapatite under specific conditions in synthetic cellulose or chitosan membrane, respectively, if in the presence of phosphates. The cellulose membranes evidenced high specificity relative to the diffusion mechanisms of calcium and phosphate ions and smaller organic molecules. This phenomenon is mainly due to a particular physical and mechanical structure, such as pore size (MWCO), slightly negative charges by the presence of hydroxyls or carboxyls groups, as well as the pH regulation effect on the interface of liquid-membrane. At the end, these experiments seem to show some interesting properties of chitosan and cellulose membrane which approaches partially to the biological epithelia by their diversity on the ion and molecules diffusion supported on the specificity of electrochemical gradient and of membranes structure associated to the electric field. Obviously, the present study indicates a useful and versatile tool in order to adapt easily and efficiently to the biomedical or technological applications.
